Hollow-core photonic bandgap fibers (HC-PBGFs) have long held promise to reach lower propagation losses than standard silica solid-core fibers, which currently hold the low-loss record of ~0.18 dB/km at 1550 nm. Loss in hollow-core fibers was expected ultimately to be limited by frozen-in surface capillary waves causing scattering from surface roughness of the hollow-core [1] . The currently lowest published losses in HC-PBGFs are 1.2 dB/km at 1620 nm [1] and 1.7 dB/km at 1565 nm [2] . These fibers had 7 rings of air-holes in the cladding to reduce confinement loss, which as a rule-of-thumb can be expected to decrease by roughly an order-of-magnitude for each added ring [3] . Furthermore, the first cladding-ring surrounding the core was made so that it resembles the rest of the cladding as much as possible, as this was considered the ideal case [1] . All fibers mentioned had a HC formed by omitting 19 capillaries from the center of the periodic structure. For this work we also fabricated 19-cell HC-PBGFs, achieving a minimum loss of 1.8±0.5 dB/km at 1530 nm despite using only 5 rings of air-holes in the cladding. Surprisingly, this result is achieved despite the fact that the inner cladding-ring has 6 corner-holes clearly enlarged with respect to the remaining cladding. From a physical viewpoint this result is surprising because it indicates that improving the innermost part of the cladding structure is more important for the total loss than decreasing confinement loss by adding rings, at least for loss levels down to ~2 dB/km. Also, it indicates that a structure with a minimally perturbed first cladding-ring, previously considered ideal, may not be optimal. Technically, the result is also interesting because it proves that reasonably low-loss HC-PBGFs can be fabricated with significantly less time and complexity: the number of capillaries needed to make a 19-cell preform stack increases for each added ring by 6(N+2), where N is the final number of rings surrounding the core. Thus, our stack (5 rings) required 6·(6+2)+6·(7+2)=102 less capillaries than for the works mentioned above using 7 rings (these example calculations neglect the support-capillaries added to make the final stack more circular than hexagonal, so that it fits better into the sleeving tube). We note that recently a 19-cell HC-PBGF with 6 cladding rings and 3.5 dB/km at 1500 nm was reported, in which the inner cladding-ring also showed enlarged corner-holes, but this was neither mentioned nor explored in the work, as the focus was more on reducing coupling to surface modes by using a thin core-wall surround, so as to obtain low loss over a wider bandwidth [4] . We here present the low-loss fiber structure, details of the loss measurements, and simulations supporting the importance of the inner cladding-ring. The fibers were fabricated using the conventional two-step stack-and draw technique: capillaries were stacked into a primary preform, sleeved in a jacket tube, drawn into a cane, sleeved again in a jacket tube, and finally drawn to fiber. The fibers presented here had 5 cladding air-hole rings, fiber #1 having an average pitch =4.2 µm and a core diameter D=23 µm and fiber #2 having =4.4 µm and D=24 µm. As can be seen in the inset of Fig. 1 (right-hand side) the first cladding-ring has 6 significantly expanded air-holes. The expansion of these corner-holes could be controlled through proper balancing between the pressures applied to the core and the cladding.
The loss was measured by coupling light from a broadband light source into the test fiber, and coupling the output from the test fiber into a 30 m long single-mode fiber connected to an optical spectrum analyzer. The transmission spectrum was saved before cutting off a piece of the fiber, and repeating the measurement. In earlier papers only one cut-back measurement is typically performed before the loss is calculated by simply comparing the two transmission spectra, no estimation of measurement uncertainty being given. We consider cut-backs of no more than a few hundred meters to be insufficient for evaluating losses of order 1 dB/km. We therefore made several cut-backs on the same fiber, performing robust linear regression for each series of data-points associated with a narrow wavelength window (1 nm resolution on the OSA). This allowed us to determine the loss as the slope of the linear fit and calculate the fitting-error to estimate the measurement uncertainty. An example of a series of data-points and a linear fit is shown in Fig. 1 (right-hand side) . It is remarkable that the minimum loss of one of the fibers reaches 1.8±0.5 dB/km, even though it has only 5 cladding rings and enlarged corner-holes due to an over-expanded core (D > 5). This is just as good as the best previously published 19-cell HC-PBGFs with 7 cladding-rings and non-expanded corner-holes in the first cladding ring (D~5). To investigate this, we made FEM calculations of the losses of 3 different structures: "Least perturbed" (w corner =d, D=4.9), "Scaled" (w corner =1.03d, D=5.3), and "Star" (w corner =1.26d, D=5.2), where w corner and d is the width of the corner-holes and the width of an air-hole in the outer cladding, respectively. As seen from the parameters, "Star" and "Scaled" differ from "Least perturbed" by over-expanded core and enlarged corner-holes. The results in Fig. 2 show clearly that the latter structures can reach even lower losses than the "Least perturbed" structure. The results of the simulations are only to be taken as an indication, as there are many different structural parameters to optimize. In further work we will investigate structural optimization in more detail. deviates from experiment ( Fig. 1 ) primarily due to deviation in pitch and air-filling fraction between simulated and real fiber structure.
